Objective: This study aimed to examine the associations between contrast-enhanced ultrasound (CEUS) imaging and synovial hypervascularity and synovitis score in a rabbit model of antigen-induced arthritis (AIA), compared with power Doppler ultrasound (PDUS). Methods: We investigated 50 knee joints in 25 AIA rabbits (AIA group), and 10 knee joints in five sham-injected rabbits (control group). PDUS and CEUS images were evaluated at the 8 th week. Ultrasound-guided synovial biopsies were targeted in the area with hypervascularity, and synovial microvessel density (MVD) was evaluated by immunohistochemical staining of CD31. Results: The PDUS score was significantly higher in the AIA group (2.61 AE 0.78) compared with the control group (0.50 AE 0.53). CEUS in the AIA group revealed a fast-in/slow-out pattern of contrast enhancement. MVD revealed by CD31þ vessel count and the synovitis score were significantly higher in the AIA group compared with the control group. In the AIA group, CEUS findings showed a better correlation with MVD revealed by CD31þ and synovitis score than PDUS findings. Conclusion: CEUS is superior to PDUS for estimating synovial hypervascularity and hyperplasia in experimental rheumatoid arthritis.
Introduction
Rheumatoid arthritis (RA) is characterized by synovial inflammation and hyperplasia, autoantibody production, cartilage and bone destruction, and systemic features including cardiovascular, pulmonary, psychological, and skeletal disorders. 1 A therapeutic revolution in the treatment of RA over the past decade has transformed articular and systemic outcomes, 2 and remission can be achieved if the disease is identified early and treated promptly and continuously. 3 However, some individuals fail to respond adequately to treatment and sustained remission is rarely achieved. 1, 3 The development and proliferation of pannus is a crucial event in the pathogenesis of RA, and can be seen before the destruction of the cartilage and bone. 4 Pannus vascularization may be a key event in the invasive and destructive behavior of RA. 5, 6 Neoangiogenesis is a characteristic feature of early and established synovitis, and an early and crucial event promoting the development of the hyperplasic proliferative pathologic synovium. 7, 8 RA is initially characterized by marked hyperplasia of macrophage-like and fibroblast-like synoviocytes in the lining layer in the prevascular stage, followed by increased capillary density in the synovium in the vascular stage, usually in the clinical phase of RA. 1, 9 Although the question of whether angiogenesis drives RA or whether the enhanced synovial proliferation promotes angiogenesis remains unsolved, the available preclinical evidence suggests that anti-angiogenic treatments have a beneficial effect on RA. 9 To achieve an early diagnosis of RA and to implement a treat-to-target (T2T) approach, the detection of abnormal synovial vascularity has the potential to be used as a screening and monitoring tool to increase the likelihood of remission and prevent structural damage. 10 Hypervascularization of the pannus and neoangiogenesis are usually induced by inflammatory activity. However, recent studies [11] [12] [13] [14] revealed discordant relationships between color or power Doppler imaging and the extent of inflammation and vascularity in synovial biopsies in RA patients. Although color Doppler ultrasound (CDUS) imaging allows the detection of vascularity, [15] [16] [17] [18] [19] its ability to detect slow flow and flow in small vessels is limited. Compared with unenhanced power Doppler ultrasound, contrast-enhanced ultrasound (CEUS) has demonstrated a better ability to characterize the vascularization in the inflamed synovium, 20 because the contrast agent 21 not only improves the detection of the color signal and the extension of vascularization, 22, 23 but also allows the quantitative assessment of inflammation. 24 Several studies have used CEUS to quantify synovial vascularity in patients with RA or psoriatic arthritis, [25] [26] [27] and it has even been used to ablate synovial pannus in antigen-induced arthritis in rabbits. 28 We previously showed that sonographic findings correlated better with histologic scoring than did serologic biomarkers of disease activity in a RA rabbit model, especially in the early stages of RA. 29 As a marker of progenitor endothelial cells for angiogenesis, 30 CD31-positivity (CD31þ) has been used to reveal the different aspects and characteristics of the tumor vasculature, 31 and several studies have revealed a significant correlation between CEUS parameters and microvessel density (MVD) indicated by CD31 immunohistochemical staining. [32] [33] [34] [35] The goal of the current study was to examine the association between CEUS imaging and synovitis score and synovial hypervascularity in an antigen-induced arthritis (AIA) model, compared with PDUS.
Materials and methods

Antigen-induced arthritis model
Thirty male New Zealand White rabbits were randomly assigned to either the AIA (n ¼ 25) or sham-injected control group (n ¼ 5). The development of the AIA RA model, including basic sensitization and joint sensitization, has been described elsewhere. 29, 36, 37 Experimental reagents including chicken egg white albumin (A-5378) and Freund's complete adjuvant (F-5881) were obtained from Sigma-Aldrich (Burlington, MA, USA). The experimental reagents were replaced by saline in the shaminjected rabbits. The study protocol was approved by the Animal Ethics and Welfare Committee of Fujian Medical University (reference number of SYXK [min] 2016-0008) and the study was conducted in accordance with the ARRIVE (Animal Research: Reporting of In Vivo Experiments) guidelines. 38 
Unenhanced PDUS
Ultrasound imaging of bilateral knee joints was performed at the 8th week using a LOGIQ E9 machine equipped with a linear array probe, operated at a transmission frequency of 7 to 12 MHz (GE Healthcare, Waukesha, WI, USA). The procedure was carried out by a single sonographer experienced in assessing musculoskeletal disease. The rabbits were placed in a supine position and anesthetized by injection of 1% pentobarbital sodium in the ear vein at a dose of 3 mL/kg. Ultrasound parameters including acoustic gain, depth, and focus were optimized for each knee joint.
PDUS was scanned after grayscale ultrasound, to ensure acquisition of the best imaging plane. The PDUS findings of synovial blood flow were recorded using a semiquantitative score where 0 ¼ no PD signal, 1 ¼ minimal PD signal, 2 ¼ moderate PD signal, and 3 ¼ strong PD signal [39] [40] [41] ( Figure 1 ).
Contrast-enhanced CEUS
After standard ultrasound imaging, the bilateral knee joints were examined by real-time CEUS after injection of the intravascular tracer SonoVue (0.1 mL/kg) (Bracco SpA, Milan, Italy). Continuous scanning was started shortly before injection of the contrast agent at a rate of 15 frames per second. The operator kept the transducer stable throughout the whole process. The beam focus was placed at the level of the synovial proliferation or immediately below it, and beam gain was set at the minimum level. The left knee joint was assessed first, followed by the right knee using the same ultrasound parameters. All CEUS images were recorded as digital video images. The synovial enhancement was quantified offline independently by two investigators using the time-signal intensity curve analysis software installed on the LOGIQ E9. Highly enhanced synovial regions were manually and independently defined as the region of interest (ROI). The size of the ROI was maintained at approximately 2 to 3 mm in diameter as far as possible. The contrastenhancement time-intensity curves were plotted based on three selected ROIs for each joint, and the results were averaged. The following perfusion parameters were noted: shape parameters of the perfusion model, peak intensity (PT), area under the curve (AUC), and time-to-peak (TTP).
Ultrasound-guided synovial biopsy
Rabbits in the AIA group underwent ultrasound-guided biopsy after ultrasound imaging. The biopsy was targeted to the thickest synovial plane in the same knee recesses assessed by CEUS. For every joint capsule, a suitable coaxial outer needle was used in addition to an 18-gauge Magnum Biopsy Needle (Bard Medical, Covington, GA, USA). A longitudinal sonogram was used to follow the needle in real time and guide it to the appropriate predetermined biopsy site. Two independent samples were extracted from each knee at the hypertrophic synovium, including power Doppler-positive areas. Rabbits in the control group were sacrificed by injection of an overdose of sodium pentobarbital after CEUS examination. Two knee joints were harvested for further histological investigations. All specimens were fixed in 10% formaldehyde for 24 hours.
Hematoxylin and eosin (H&E) staining and immunohistochemistry
The synovial samples were scored blindly by two experienced pathologists after routine H&E staining (Table 1) , and samples with an intact or lower lining were included. Synovitis was scored according to the proliferation of the synovial lining cells, activation of the synovial stroma, and infiltration of inflammatory cells. Each of these three features was scored from 0 to 3, with a maximum total score of 9. Synovitis severity was graded from 0 to 3 according to the total score. Anti-CD31 antibody (Maxim, Fuzhou, China) immunostaining was carried out according to the labelled streptavidin biotin method (Dako LSAB kit, Glostrup, Denmark). The MVD in each joint was defined as the mean number of vessels in three microscopic fields (400Â) with high MVD areas. 
Statistical analysis
Differences between the AIA and control groups were analyzed by Mann-Whitney two-sample tests and differences between the degree of vascularization on unenhanced PDUS and contrast-enhanced CEUS were evaluated by the Wilcoxon's signed-rank test. The association between ultrasound outcomes and MVD (CD31þ vessel count) or synovitis score were examined by Spearman's correlation analysis. P < 0.05 was considered significant. All statistical analyses were performed using IBM SPSS Statistics for Windows, version 15 (SPSS Inc., Chicago, IL, USA).
Results
Animals
Rabbits (n ¼ 25) in the AIA group developed swollen knee joints with impaired functional ability. In contrast, no obvious abnormality was observed in the control rabbits (n ¼ 5).
Results of ultrasound imaging
The ultrasound investigation was technically adequate for examination of the knee joints in the AIA and control groups. Neither unenhanced PDUS nor contrastenhanced CEUS demonstrated any detectable intraarticular color-flow signals in the control group (10 knee joints). In the AIA group, there was no significant difference between the power Doppler frequency and amplitude modes in terms of the detection of intraarticular vascularization using unenhanced PDUS. Unenhanced PDUS detected synovial hyperplasia, manifested as an anechoic and hypoechoic area in the cavum articulate, and heterogeneous echogenicity in the posterior recess in the knee joint. The mean (AE standard deviation) PDUS score was significantly higher in the AIA group (2.61 AE 0.78) compared with the control group (0.50 AE 0.53) (P<0.01).
CEUS achieved uniform, subjectively optimal contrast enhancement with no substantial side effects of administration of the contrast agent. CEUS detected greater enhancement in the synovial membrane than in the surrounding tissues (Figure 2) . The time-intensity curve indicated a fast-in/ slow-out pattern of contrast enhancement, while the slope of the descending branch was relatively flatter (Figure 2 ). The CEUS 
Histologic findings
Of the 25 rabbits in the AIA group, ultrasound-guided synovial biopsies were obtained successfully in 23 (46 joints; 92%) ( Figure 3) . No synovial inflammation was observed in the control group, including hyperplasia of synovial lining cells and stroma, or infiltration of inflammatory cells in the lower lining. In contrast, histological findings revealed increased numbers of synovial lining cells, infiltration of inflammatory cells in the sub-synovial lining, fibrous degeneration with interstitial edema, and cellulose exudation in the AIA group. Most inflammatory cells were lymphocytes, monocytes, and plasma cells, and infiltration of eosinophils and neutrophils was noted. Obvious vascular proliferation was seen in the synovium, especially in rabbits with severe synovitis (Figure 4) . The synovitis score was significantly higher in the AIA group (46 samples; 5.12 AE 3.68) compared with control group (10 samples; 1.21 AE 0.53) (P<0.05), and two, seven, 23, and 14 samples in the AIA group were graded as 0, 1, 2, and 3, respectively ( Table 2 ). The MVD, indicated by CD31þ vessel count, was significantly higher in the AIA group (46 samples; 89 AE 38) compared with the control group (10 samples; 41 AE 15) (P<0.05) ( Figure 5 ).
Associations between ultrasound findings and MVD and synovitis score CEUS findings showed a better correlation with MVD determined by CD31þ than did PDUS findings in the AIA group. PI was significantly correlated with MVD via CD31þ (r ¼ 0.436, P<0.01). The PDUS score was also significantly correlated with MVD via CD31þ (r ¼ 0.328, P<0.05). However, similar results were not found for TTP and AUC. Similarly, CEUS findings also correlated better with synovitis score than did PDUS findings in the AIA group. Among all the CEUS parameters, PI scored the highest and was significantly correlated with synovitis score (r ¼ 0.578, P<0.01). The PDUS score was also significantly correlated with synovitis score (r ¼ 0.354, P<0.05).
Discussion
Our preliminary data demonstrated that CEUS perfusion kinetics had a better association with the histopathological quantitative and morphologic estimation of synovial hypervascularity and hyperplasia in experimental rheumatoid arthritis than PDUS findings. The vasculature is highly organized and well-defined in normal joints, but vascular turnover is increased in joints with arthritis, leading to a compromised ability to regulate blood flow. 42 As a direct proxy of histopathological change at a single-joint level, microvascular perfusion kinetics are crucial to the development and evaluation of imaging techniques. [43] [44] [45] The current results suggest that CEUS quantitatively reflects neoangiogenesis and synovitis better than PDUS in experimental RA. The early diagnosis of RA and the differentiation between inactive and active inflammatory synovial membranes and joints are critical issues for developing a T2T strategy. 46, 47 Although conventional radiology is the most commonly used imaging in RA, it has limited value for characterizing soft tissues. 48 Magnetic resonance imaging has an excellent ability to examine the soft tissue, but has limited availability and is cost-ineffective. [48] [49] [50] [51] Advancements in ultrasound, including increased resolution of the ultrasonographic images and higher frequencies or smaller probes for transducers, play an important part in the diagnosis of early RA. 52, 53 PDUS detected the difference in vascularization between inactive versus moderately active and active RA, but failed to demonstrate any difference between moderately active and active joints. 19 Given that abnormal synovial vascularity is evident with the onset of joint inflammation, estimating the level of joint inflammation by sonographic synovial vascularity is useful for achieving a T2T strategy. 10 Our results clearly demonstrate that CEUS is superior to PDUS for detecting intraarticular vascularization. Recent studies revealed inconsistent findings regarding the assessment of hypervascularization with PDUS. [11] [12] [13] [14] In agreement with a previous study that revealed positive correlations between MVD and pathological scores, and expression of vascular endothelial growth factor and hypoxia-inducible factor-1a in the synovium in collageninduced arthritis, 54 our results showed a correlation between peak intensity in perfusion parameters on CEUS and MVD revealed by CD31 staining.
CD31 is expressed in both undifferentiated and differentiated endothelial cells, 55 and may thus reflect the complete profile of synovial neovascularization. PDUS only detected blood flow signals in vessels >100 mm, 34 while CEUS with SonoVue detected synovial vessels <50 mm. 34 Moreover, ultrasound contrast agents are less likely to leak into the synovial fluid than magnetic resonance imaging contrast agents, thus providing a more accurate reflection of synovial and vascular changes in the joint. 56 CEUS thus increases the possibility of identifying patients with latent but progressive RA based on the good association between CEUS findings and hypervascularization.
In addition to revealing the progression of vessel formation, CEUS presented different enhancement patterns at different disease stages in a cancer model, and importantly identified angiogenesis before the change in color Doppler. 57 Neovascularization during the transitory pre-vascular highly inflammatory stage in RA mainly consists of small immature and dilated vessels and the vascular muscular layer is not complete. 9 Besides, CEUS provides valuable information about the spatial distribution of blood flow and vascular volume compares with a validated contrast-enhanced CT method. 58 Our findings also demonstrated that CEUS detected synovitis as peak intensity, as an index reflecting synovial blood volume, which correlated with synovitis score better than did PDUS scores.
Increased vessel permeability resulting from synovial hypervascularization induced the infiltration of inflammatory cells and the production of inflammatory mediators, finally imitating and aggravating synovitis. 59 CEUS quantifies the degree and extent of synovial inflammation and disease activity, which is crucial for the diagnosis and follow-up of patients with RA, particularly in early-stage disease.
The CEUS method adopted in this study was well tolerated with no important clinical side effects. This technique might thus be translated into the routine clinical examination of RA patients, to allow the early acquisition of information on synovial angiogenesis and hyperplasia, to help confirm disease progression or remission and guide the therapeutic strategy.
This study was limited by it being a cross-sectional study and the results were only examined after 8 weeks. Further, longitudinal studies are therefore planned to explore the efficacy of early detection of RA.
Conclusion
We conclude that the administration of a contrast agent can improve the detection of synovial hypervascularity and hyperplasia compared with unenhanced ultrasound. Furthermore, CEUS will allow the assessment of enhancement kinetics to improve the detection of disease activity.
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